Cellular Features of Neuronal Aging in *C. elegans*
===================================================

*Caenorhabditis elegans* is a useful model in which to study aging owing, in particular, to its relatively short lifespan. Like in humans, aging in worms is accompanied by physiological changes including progressive loss of mobility,[@R1]^,^[@R2] sarcopenia and deterioration of other tissues[@R1]^,^[@R3] and a decline in immune function.[@R4] Human physiological aging (as differentiated from pathological aging) is additionally associated with subtle physical changes in the brain, such as neuronal restructuring and synaptic loss,[@R5]^,^[@R6] and these changes have been linked to a progressive impairment of cognitive function.[@R5]^,^[@R7] In light of these observations, it was somewhat surprising that initial studies did not detect any structural decline in the *C. elegans* nervous system with age.[@R1] Recently, however, close examination of neuronal morphology in the nematode has revealed pronounced aging phenotypes such as aberrant outgrowths and beading along neuron processes, and age-associated synaptic deterioration has also been detected.[@R8]^-^[@R10] The nematode model system therefore presents an opportunity to explore the mechanisms by which neuronal aging is regulated. In this model, it is also possible to dissect the relationship between neuronal aging and aging of the whole organism, by examining for example whether accelerated neuronal aging has repercussions for the entire organism.

Such explorations will be greatly facilitated by the relative simplicity of the *C. elegans* nervous system, which consists of only 302 neurons. These neurons have been anatomically mapped and develop in a stereotypical manner,[@R11]^,^[@R12] facilitating the study of age-related structural changes. To date, among the 302 neurons, age-associated changes have been identified in the mechanosensory "touch receptor" neurons, in the axons of cholinergic neurons in the ventral nerve cord (VNC), in the axons of GABAergic motor neurons in the ventral and dorsal nerve cord, and the nerve ring **(**[Fig. 1](#F1){ref-type="fig"}). These changes include branching from the cell body and axon, as well as blebbing and beading along the axon.[@R8]^-^[@R10] Representative images of these structures are shown in ([Fig. 2](#F2){ref-type="fig"}). In neurons displaying such structures, nuclear DAPI staining appears intact even in severe cases, suggesting that these aged neurons are not undergoing apoptosis or necrosis.[@R10]

![**Figure 1.** Fluorescence reporter lines enable the visualization of neurons in *C. elegans*. (**A**) Nerve ring, positioned between the anterior and terminal bulbs of the pharynx. The *sIs11686(*P*ptl-1::gfp)* reporter line is shown.[@R54] (**B**) Touch receptor neurons, where cell bodies for the AVM, ALMs, PVM and PLMs are shown. The *zdIs5(*P*mec-4::gfp)* reporter line is shown.[@R55] (**C**) Ventral nerve cord GABAergic motor neurons. The *oxIs12(*P*unc-47::gfp)* reporter line is shown.[@R56] Scale = 10 µm.](cib-6-e25288-g1){#F1}

![**Figure 2.** Touch receptor neurons develop abnormal structures in the cell body and axon in a progressive, age-dependent manner. Here, touch neurons are visualized using the *zdIs5*(P*mec-4::gfp*) reporter line. (**A**) A "normal" touch receptor neuron (ALM). The cell body of AVM is out of focus. (**B--E**) Age-associated abnormal structures in ALM touch neurons. (**B**) Blebs (arrows) form along the process, creating a wavy appearance along the axon. (**C**) Beading (arrowheads) along the axon. (**D**) Branching (asterisks) along the axon. Some branches appear to develop from blebs. (**E**) Branching from the cell body. Scale = 10 µm.](cib-6-e25288-g2){#F2}

Branching refers to novel extensions emanating from the neuronal cell body or along the axonal process. Branches have been visualized using several distinct fluorescent neuronal reporter transgenes[@R8]^-^[@R10] and were also observed by immunostaining with an anti-acetylated α-tubulin antibody, revealing that the outgrowths contain acetylated microtubules.[@R10] The branching process is dynamic, since protrusions have been observed to form and retract, and secondary branches may extend from existing branches.[@R9]^,^[@R10]

Blebs are defined as triangular-shaped protrusions from the processes.[@R10] When several of these blebs form along the process, this can distort the structure of the axon, such that the axon adopts a wavy appearance.[@R10] These wavy processes have been quantified in touch neurons and found to increase in frequency with age.[@R9] In old animals, branches or even axon splitting can sometimes be observed at the sites of these blebs.[@R10] Neither branches nor blebs co-localize with late endosome or lysosome markers,[@R10] or with synaptic protein markers.[@R9]

Beading, or bubble-like lesions, refers to focal enlargements that occur along the length of the axonal process.[@R9]^,^[@R10] These beads were observed in touch neurons, and have dark, fluorescence-free regions in the center of the structure.[@R9]^,^[@R10]

Complementing the work performed using transgenic strains expressing fluorescence reporter transgenes, examination of touch neurons in non-transgenic wild-type animals by electron microscopy (EM) also revealed these morphological changes. This indicates that the observed structures are not simply an artifact associated with fluorescence transgenes.[@R9] In addition, EM studies revealed that some novel outgrowths developing from touch neuron processes co-localize with mitochondria at the branch points.[@R9] These observations were confirmed by immunofluorescence assays showing co-localization of these branch points with mitochondria-specific GFP in touch neurons.[@R9] It is unclear if mitochondria accumulate due to cytoskeletal changes at these points, or if the presence of mitochondria induces branching at these sites.

Another age-related effect found in the worm neurons is synaptic deterioration, such as a reduction in synaptic vesicles and size of the presynaptic terminal.[@R9] Synaptic integrity is a well-established parameter of neuronal aging in mammals,[@R13]^-^[@R15] and correlates well with memory and behavioral regression.[@R16] Similarly, reduction in synaptic integrity is associated with impaired locomotion in aged *C. elegans*.[@R9] Using EM studies, the number of synaptic vesicles in the nerve ring could be quantified, revealing that old adult worms have significantly fewer synaptic vesicles compared with young adult animals.[@R9]

Notably, different types of neurons showed differential susceptibility to age-related changes. For example, touch receptor neurons accumulate aberrant branching with age, whereas two of the nerve ring interneurons and some dopaminergic neurons remain intact.[@R9] Moreover, different subsets of touch neurons also display differential severity of morphological defects, and even vary in the type of defects that can be observed.[@R9]^,^[@R10] It is intriguing that this kind of aging heterogeneity exists even between neurons of the same type.

Genetic Aspects of Neuronal Aging in *C. elegans*
=================================================

In addition to the cellular characteristics of neuronal aging in *C. elegans* that are reminiscent of age-associated neuronal changes in higher organisms, several conserved regulators of aging have also been identified.[@R4]^,^[@R17]^-^[@R20]

Insulin /IGF-1 signaling (IIS) pathway
--------------------------------------

The Insulin/IGF-1 signaling (IIS) pathway is one of the best-characterized regulators of aging in *C. elegans*. Reduction-of-function mutations in the DAF-2 insulin receptor result in a dramatic extension of lifespan.[@R18] Activation of the DAF-2 receptor signals to downstream kinases to phosphorylate the forkhead box-O (FOXO) transcription factor DAF-16, which results in its exclusion from the nucleus and hence an inability to trigger the expression of genes associated with longevity. Thus, mutations in DAF-16 result in premature aging, and the lifespan extension observed in *daf-2* mutants is dependent on DAF-16.[@R18]^,^[@R21]^,^[@R22]

The IIS pathway in *C. elegans* has been found to be involved in nervous system aging. *daf-2* reduction-of-function mutants display delayed neuronal branching in touch receptor and cholinergic neurons.[@R8]^-^[@R10] Furthermore, *daf-16* appears to be required for the *daf-2-*mediated delay in appearance of neuronal defects, since *daf-16;daf-2* double mutants display wild-type levels of branching in touch neurons.[@R8] Interestingly, Toth and colleagues reported that the branching phenotypes observed in *daf-2* and *daf-16* mutant strains have subtle differences compared with aged wild-type animals. For example, ALM branching is rare in aged wild-type worms, but occurs at a 10% frequency in *daf-2* mutant animals of the same stage.[@R9] This indicates that the profile of neuronal aging phenotypes is different between wild-type animals and IIS mutants, although the reasons for this are unclear.

Like DAF-16, the heat shock factor (HSF)-1 transcription factor, is repressed by insulin signaling. HSF-1 functions with DAF-16 to regulate proteostasis and chaperone expression when active in response to heat stress.[@R3] Reduction of HSF-1 activity results in a shortened lifespan[@R23] as well as a significantly higher frequency of touch neuron defects compared with wild-type.[@R9]^,^[@R10] Furthermore, *hsf-1;daf-16* double mutants do not show enhancement of the accelerated onset of phenotypes observed in single mutants, suggesting that these transcription factors may largely act within the same pathway to regulate neuronal aging.[@R10] Similarly, knockdown of HSF-1 by RNAi does not affect the lifespan of *daf-16* mutants.[@R23]

Mechanosensory signal transduction
----------------------------------

Mechanosensory-defective (or *mec*) mutants are defective in their response to gentle touch. Interestingly, some of these mutants also show lifespan phenotypes. Mutations in mechanosensory channel components MEC-2, MEC-4, MEC-6, MEC-10 and extracellular matrix (ECM) proteins MEC-5 and MEC-9 result in a shortened lifespan, whereas mutations in ECM protein MEC-1 and α-tubulin MEC-12 do not.[@R10] However, these mutants all display a high frequency of neuronal defects at earlier ages compared with wild-type.[@R10] Pan and colleagues suggest that defects in nerve attachment in certain *mec-1* mutants may be responsible for the accelerated onset of defects observed in touch neurons. This is supported by the finding that animals carrying mutations in *him-4* and *fbl-1*, which encode ECM proteins hemicentin[@R24] and fibulin,[@R25] are defective in nerve attachment and also display a high frequency of touch neuron defects at a young age.[@R10]

Some reports suggest that the ability of touch neurons to function correctly is correlated with healthy neuronal aging. Tank and colleagues found that animals that display high levels of branching in touch neurons are also generally less touch sensitive,[@R8] although a similar experiment led by others did not display any significant correlation.[@R9] In addition, a gain-of-function mutation in the neuronal SLO-1 hyperpolarising ion channel results in touch insensitivity. Analysis of this mutant demonstrates an accelerated onset of touch neuron defects.[@R10] The involvement of synaptic activity is not limited to touch neurons. Mutations in *unc-13* and *unc-18* disrupt synaptic transmission and result in higher levels of beading in axons in the ventral and dorsal nerve cord at young stages, compared with wild type. Conversely, mutation of *dgk-1* enhances synaptic activity and is associated with reduced beading in these same axons.[@R10]

MAPK signaling pathway
----------------------

MAPK signaling pathways regulate many processes including cell proliferation, differentiation, survival and apoptosis. The neuronal c-Jun N-terminal kinase (*jnk-1*) is a positive modulator of DAF-16 and is involved in regulating longevity. Overexpression of *jnk-1* extends lifespan in *C. elegans,* whereas loss of *jnk-1* shortens lifespan.[@R26] Loss of *jnk-1* also results in a higher frequency of branching in both touch receptor and GABAergic neurons.[@R8] JKK-1 and MEK-1 are stress-responsive kinases upstream of JNK-1 that both show strong similarity to the mammalian MAP kinase kinase MKK-7.[@R27] Loss of *mek-1* did not affect branching frequency, but loss of *jkk-1* resulted in the acceleration of the branching phenotype.[@R8] This suggests that a pathway involving JNK-1 and JKK-1, but not MEK-1, regulates neuronal aging in *C. elegans*.

Interestingly, the loss of genes strictly required for axon regeneration following laser axotomy, namely *dlk-1, mkk-4* and *pmk-3*,[@R28] does not affect the frequency of branching in touch neurons.[@R8] This indicates that pathways involved in axon regeneration and age-related branching are distinct. Other *C. elegans* MAPK genes are also differentially involved in neuronal aging. MLK-1 is thought to activate the p38 homolog PMK-1, and loss of this protein results in accelerated branching in touch neurons. However, loss of NSY-1, orthologous to the human apoptosis signal-regulating kinases (ASKs),[@R29] or SEK-1, a MAP kinase kinase able to activate both PMK-1 and JNK-1,[@R30] did not affect neuronal aging.[@R8]

Longevity and aging effectors
-----------------------------

The capacity of other factors that regulate lifespan independently of insulin-like signaling to influence neuronal aging has also been explored. For instance, the *eat-2* mutant has impaired pharyngeal pumping and a DAF-16-independent lifespan extension that is attributed to caloric restriction.[@R31] *eat-2* mutants did not, however, show a delayed onset of neuronal defects.[@R8]^,^[@R10]

*lmn-1* encodes a conserved nuclear lamin protein in *C. elegans*. Mutations in lamin genes in humans are associated with an aging disorder known as Hutchinson-Gilford Progeria Syndrome (HGPS),[@R32] and in *C. elegans* result in a shortened lifespan.[@R33] Transcript levels of *lmn-1* are also reduced in adult worms compared with embryos.[@R34] Interestingly, mutations in *lmn-1* also result in a higher frequency of touch neuron defects in young adulthood.[@R10]

Respiration can also affect aging. Modest inhibition of respiration leads to an extension of lifespan in both invertebrates[@R35]^,^[@R36] and vertebrates.[@R37]^,^[@R38] *clk-1* encodes a ubiquinone biosynthetic enzyme, and mutations in this gene result in reduced respiration and lifespan extension.[@R36] *clk-1* mutants also show delayed touch neuron branching.[@R8] In contrast, *mev-1* respiratory chain mutants are short-lived[@R39] and display an accelerated onset of branching.[@R8] These data suggest that factors that affect respiration rates also affect neuronal health.

Do regulators of neuronal aging act cell autonomously?
------------------------------------------------------

These reports indicate that many molecular players regulate neuronal aging in *C. elegans*. Although many of these genes are expressed in neurons, some, including *daf-2* and *daf-16*, are also expressed in other tissues.[@R40] Despite this potential complexity, Tank and colleagues found that neuronal re-expression of DAF-16 in *daf-16;daf-2* double mutants was sufficient to rescue the delayed onset of neuronal defects observed in *daf-2* single mutants, identifying neurons as the cellular focus of DAF-16-mediated control of neuronal aging.[@R8] The converse experiment, using RNAi to knock down *daf-16* solely in non-neuronal cells in a *daf-2* mutant, resulted in a restoration to wild-type lifespan, but did not affect the delay in neuronal branching that is observed in *daf-2* mutants.[@R8] In contrast, Pan and colleagues found that re-expression of DAF-16 in all neurons or in body wall muscles in a *daf-16* single mutant was not sufficient to rescue the increased accumulation of neuronal defects.[@R10] It is possible that these contrasting observations could be due to differences in scoring parameters. In addition, Tank et al.*,* observed that knock down of *daf-2* in non-neuronal cells resulted in wild-type levels of branching in touch neurons despite these animals displaying an extended lifespan.[@R8] The observations of Tank et al.*,* suggest that *daf-2* and *daf-16* are able to regulate neuronal aging in a cell-autonomous manner. In addition, these observations indicate that, at least in the case of the IIS pathway, regulation of neuronal aging and whole organism lifespan can be decoupled from one another.

As previously mentioned, the IIS-regulated transcription factor HSF-1 was also reported to regulate neuronal aging.[@R9]^,^[@R10] Interestingly, re-expression of HSF-1 solely in touch neurons was able to completely rescue this phenotype,[@R9] indicating that, like DAF-16, HSF-1 can also act cell-autonomously to regulate neuronal aging.

PTL-1 Regulates Neuronal Aging and Lifespan
===========================================

Protein with tau-like repeats (PTL-1) is the sole *C. elegans* homolog of tau and MAP2/4, which are members of the mammalian family of microtubule-associated proteins (MAPs).[@R41]^,^[@R42] Tau is pathologically important in several neurodegenerative diseases, as the progressive accumulation of tau and the formation of insoluble aggregates is associated with disease progression (reviewed in refs. [@R43]--[@R46]). PTL-1 is expressed in neurons, with particularly high levels detected in the touch receptor neurons. It regulates microtubule assembly in vitro[@R41]^,^[@R42] and in vivo regulates kinesin/dynein motility, physically associating with UNC-104 (kinesin-3).[@R47] These latter observations are mirrored in the mammalian system where tau impairs kinesin-dependent anterograde transport by pathologically interacting with kinesin adaptor molecules such as JIP1.[@R48]^,^[@R49] We have recently demonstrated a role for PTL-1 in the regulation of neuronal aging and lifespan of *C. elegans*.[@R50]

In our study, we investigated the effect of mutations in PTL-1 on the touch receptor and VNC GABAergic neurons. Two mutant strains of *ptl-1* are available: *ptl-1(ok621)* is a null allele[@R51] whereas *ptl-1(tm543)* putatively generates a truncated protein lacking the microtubule-binding repeat region of PTL-1. We observed branching and beading in *ptl-1* mutants at a higher frequency in younger stages compared with wild-type controls. This was observed in both touch receptor and GABAergic neurons, indicating PTL-1 is likely to be a general regulator of neuronal aging. By imaging ALM touch neurons in populations of animals over time, we found that cell body branching often appears first with the highest prevalence, followed by axon beading and axon branching later in adulthood. In addition, we observed the heterogeneous sensitivity toward aging within the six touch receptor neurons. Posterior touch neurons had an accelerated onset and more severe aging defects compared with the anterior touch neurons. We were able to rescue the appearance of these defects to wild-type rates by re-expressing PTL-1 in the null mutant under the regulation of the *ptl-1* promoter. Interestingly, increasing the gene dosage of PTL-1 by stable integration of a PTL-1 transgene also resulted in a higher frequency of abnormal neuronal structures in young transgenic animals compared with wild-type.[@R50]

We also observed that worms lacking PTL-1 showed a 37% shortening of lifespan compared with wild-type controls.[@R50] It therefore appears that PTL-1 is a neuronal-specific protein[@R41]^,^[@R42] that regulates whole organism aging.[@R50] There are several examples in which the manipulation of neurons alone affects lifespan. In *C. elegans,* neuron-specific expression of *daf-2* or *age-1* (homologous to phosphoinositide 3-kinase) was able to rescue lifespan extension in *daf-2* or *age-1* mutants, respectively.[@R8]^,^[@R52] In addition, direct ablation of some olfactory and gustatory neurons affects lifespan.[@R53] These examples highlight the importance of neurons and neuronal gene function in the regulation of lifespan. PTL-1 activity in neurons may therefore contribute to wild-type longevity.

Conclusions
===========

*C. elegans* is a powerful model to study aging, due to its well-characterized anatomical structures, short lifespan and ease of maintenance. Recent reports have described progressive morphological changes in *C. elegans* neurons,[@R8]^-^[@R10] and these phenotypes can be used as parameters to track neuronal aging in the worm. Although the specific molecular mechanisms governing the formation of these novel outgrowths are yet to be defined, neuronal aging clearly involves conserved pathways such as insulin- and MAPK-regulated signaling. We have also observed premature neuronal aging in worms lacking the homolog of tau, a protein that in mammals is known to be involved in neurodegenerative disorders. Future studies on neuronal aging could investigate the molecular mechanisms that influence age-associated structural changes, as well as the interplay between neuronal health and whole organismal lifespan. The use of *C. elegans* to investigate neuronal aging provides important information on physiological aging of the nervous system as well as insights into age-associated pathology.
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